Abstract: This article presents the results of a study that examines the loss of biomass and energy, per hectare, caused by Teratosphaeria leaf disease (TLD) in Eucalyptus globulus short rotation forestry. The 95 Eucalyptus globulus taxa analyzed are from seeds of open pollinated families of both Spanish and Australian origin. Tree height and diameter were measured and the crown damage index (CDI) assessed at 27 months of age. Taxa that have a certain tolerance to the disease have been identified. The taxon identified as code 283 is the one that shows lower CDI (42%) and with an average volume that exceeded 0.017 m 3 at 27 months of age. Biomass losses were determined for each fraction of dry biomass of the tree (leaves, branches, twigs and bark) based on CDI. These losses were translated into terms of energy lost per hectare, depending on the CDI. A comparison was then carried out between the productivity of Eucalyptus globulus exhibiting various levels of TLD severity and poplar and willow clones used for bioenergy in Europe. In our region, the results show that despite the losses of biomass associated with TLD, Eucalyptus globulus remains competitive as long as CDI values are lower than 56%.
Introduction
The replacement of fossil fuels by bio-based energy sources contributes to a more sustainable world [1] . Spain is a country with huge foreign energy dependence, however, it has a great deal of potential energy that could be derived from renewable resources. For the particular case of Cantabria in northern Spain, forest based biomass has a promising future since adequate soil and climatic characteristics are present. The region has an extensive non-exploited forest area which may be used for new plantings with energy purposes.
Biomass is the third largest source of energy in the world [2] . In addition to abundance, biomass offers great versatility when being used as primary energy for the generation of electricity, heat or fuel for transportation [3] . One way to generate biomass is through short rotation forestry (SRF). These are characterized by fast growing species used in planting densities ranging from 1000 to 20,000 stools ha −1 in poor soils and reduced short tree shifts. Some examples are species belonging to the genera Populus, Eucalyptus, Pinus, Acacia and Salix [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Most research today involves the genera Populus and Salix, commonly known as poplar and willow. In fact, clones of these genera have been specifically selected for biomass generation in short rotations [14] [15] [16] [17] [18] [19] . Research has focussed on these
Materials and Methods
In March and April 2006, a E. globulus short rotation stand was established in Cantabria (northern Spain), latitude 43 • 28 N, longitude 3 • 48 W at 120 meters above sea level. This period is very suitable for the development of this species and TLD appears to be the single most limiting biotic agent. The site is characterised by a climate with moderate temperature variation and regular rainfall. Long-term values for mean air temperature and annual rainfall are 13.8 • C and 598 mm respectively. The stand consists of 2375 trees belonging to taxa from two sources: Australian (50 taxa), supplied by CSIRO Forestry, and Spanish (45 taxa), obtained from seeds of trees from forests in northern Spain. Both sources are from open-pollinated families. The trial contained 25 replicates with 95 individuals per replicate. Each replicate contained one individual (code) arranged at random. The stand frame used was 2.5 × 2.5 m which corresponds to 1600 plants per ha.
At the time of planting, the soil was fertilized with 20-30 g per plant of a controlled release fertilizer 11-22-9 (NPK) + 6 MgO. At the age of one year, the soil was again fertilized with 300 g per plant of complex fertilizer 15-15-15 (NPK). At 27 months of age, for each tree, one branch was taken randomly at breast height. Once each branch was cut, they were then transported to the laboratory in a sealed polyethylene bag. Simultaneously, the degree of defoliation (D, %) due to the disease was evaluated in the field using the diagrams given by [39, 40] for this purpose. Once in the laboratory, the samples were evaluated for severity (S, %), defined as the percentage of leaf area affected [39, 40] . Taking into account the severity and the defoliation, the overall rate of damage Crown Damage Index, (CDI, %) is defined by the expression (1) encompassing both variables [41] . Obviously, the severity affects only the leaves that have not yet fallen.
Height (H, m) and diameter (D, m) was measured using a laser hypsometer Vertex and a mechanical calliper respectively. In order to calculate the volume (V, m 3 ) with bark, the formula given by [42] based on the total height and diameter at breast height over bark (DBHOB), was followed. From the volumes, the amount of biomass lost as a function of CDI due to TLD was determined. For this, the weight of dry biomass of each fraction "i" (W i , kg) was first calculated for each code, using the expression (2) [43] and the parameters in Table 1 . The amount of biomass lost was obtained by means of the difference between the CDI zero (obtained by regression) and the CDI evaluated for each code. From the amount of biomass calculated, the loss has been estimated for each CDI. In order to determine the amount of energy loss, the gross and the net calorific values (GCV and NCV) of Eucalyptus globulus in the juvenile stage have been obtained using the method proposed by [44] in a calorimeter. The characteristics of the apparatus and the methodology used are described in [23] .
The average NCV of the fractions (dry biomass) that make up the biomass of Eucalyptus globulus at juvenile age, and that were studied in the laboratory [23] . For the calculation of the weighted average value of NCV, the weight percentage of each fraction of the tree, given by [45] , has been taken into account. These percentages are related to Cantabria since they were determined in juvenile stands of north western Spain. Studies carried out elsewhere [46] show that the weight percentages of tree fractions vary with age and diameter, however, this effect is neglectable in SRF.
Data analyses were performed using the Statistical package SPSS (PASW) 18.0 (SPSS Inc., Chicago, IL, USA), comparing CDI means and tree volume for the different codes analyzed.
The experimental results enabled us to identify those codes showing some tolerance to MLD. At 27 months of age, for each code, the heights and diameters of the trees have been measured, obtaining the corresponding volume. At this time, the Crown Damage Index (CDI) was defined, evaluated and also assessed. The biomass loss as a function of CDI was then determined for each fraction that forms the tree (leaves, branches, twigs and bark), and the total loss of biomass per hectare. Productivity (t ha −1 ) and energy losses (MJ ha −1 ) have been calculated based on the CDI. This allows the calculation of CDI levels below which the cultivation of Eucalyptus globulus can be viable and/or comparable with clones of poplar and willow used in short rotation coppice. This can be a first step in obtaining tolerant genetic material that can be used to generate biomass in areas with prevalence of MLD. respectively. This study shows that there are some codes less sensitive to TLD than others. In the scientific literature, this variation in the resistance to the disease is associated to genetic factors and not environmental ones [27, 38, 47, 48] ; this way, tolerant plants show this property everywhere.
Results and Discussion
There are significative differences between the average volumes achieved at 27 months by each code (p-value = 0.001). The codes previously mentioned achieved an average volume of 17.13 × 10 −3 , 14.99 × 10 −3 , 10.96 × 10 −3 , 10.82 × 10 −3 and 11.04 × 10 −3 m 3 , respectively, which can be compared with the average value of 9.20 × 10 −3 m 3 . There is also a significative negative correlation (r = −0.638; p < 0.0001) between the individual average volume at 27 months and the CDI. This means that those codes showing lower sensitivity to TLD are the most suitable for the biomass generation. In experimental stands with no damage from TLD established in previous years, average volumes of only 9.7 × 10 −3 m 3 per tree were obtained at 49 months of age without fertilisation. The high volumes we obtained in this study are due to the fertilization provided in conjunction with the soil quality in the stands on which this study is based. These two factors enable a swift recovery from the attack of TLD and permit the subsequent development of the tree during the second spring, allowing the change from youth to adult leaf at a younger age. As a result, these data cannot be compared with those of other stands with different bioclimatic features and fertilizations. However, one can compare the effects of TLD among the various families included in this study and provide an estimate of the biomass loss in terms of TLD damage. Figure 1 shows the weight percentage of leaf loss over a null CDI. It is worth noting that as the CDI increases the leaf loss is more pronounced, reaching values close to 48% for CDI above 60%. In more specific terms, at 27 months, the average loss of leaves per tree is approximately 1.5 kg. This loss not only results in a reduction of biomass and of tree growth, but also can favour the development of other pathogens due to the weakness of the tree after the first attack of TLD, and could possibly lead to the tree's death [49] . Similarly, Figure 2 shows the loss percentage of wood with bark. It can be observed that the loss of this fraction at a CDI of 60% is between 50% and 60% in weight. Thus, for juvenile Eucalyptus globulus with 60% CDI, the average losses of dry wood and bark per tree are about 3 kg. Regarding the branches and twigs fraction, Figure 3 shows the results of the losses depending on the CDI value. For a 60% CDI, the average loss percentage reaches 50%, compared to a CDI of zero. This implies a loss per tree of around 1.25 kg of branches and twigs for this species, at 27 months of age. Similarly, Figure 2 shows the loss percentage of wood with bark. It can be observed that the loss of this fraction at a CDI of 60% is between 50% and 60% in weight. Thus, for juvenile Eucalyptus globulus with 60% CDI, the average losses of dry wood and bark per tree are about 3 kg. Figure 1 shows the weight percentage of leaf loss over a null CDI. It is worth noting that as the CDI increases the leaf loss is more pronounced, reaching values close to 48% for CDI above 60%. In more specific terms, at 27 months, the average loss of leaves per tree is approximately 1.5 kg. This loss not only results in a reduction of biomass and of tree growth, but also can favour the development of other pathogens due to the weakness of the tree after the first attack of TLD, and could possibly lead to the tree's death [49] . Similarly, Figure 2 shows the loss percentage of wood with bark. It can be observed that the loss of this fraction at a CDI of 60% is between 50% and 60% in weight. Thus, for juvenile Eucalyptus globulus with 60% CDI, the average losses of dry wood and bark per tree are about 3 kg. Regarding the branches and twigs fraction, Figure 3 shows the results of the losses depending on the CDI value. For a 60% CDI, the average loss percentage reaches 50%, compared to a CDI of zero. This implies a loss per tree of around 1.25 kg of branches and twigs for this species, at 27 months of age. Regarding the branches and twigs fraction, Figure 3 shows the results of the losses depending on the CDI value. For a 60% CDI, the average loss percentage reaches 50%, compared to a CDI of zero. This implies a loss per tree of around 1.25 kg of branches and twigs for this species, at 27 months of age. Comparing Figures 1-3 , it can be seen that losses increase with increasing CDI, and that wide differences appear between codes. For example, code 241 incurs lower losses than other codes with a similar CDI, and it exhibits comparable losses to other codes with lower CDI levels. For a given CDI, the disease causes greater loss percentages in wood and bark than in the other fractions that comprise the tree. Figure 4 brings together all the biomass (leaves + branches + twigs + bark) representing the weight in kg of dry biomass per tree, depending on the CDI. For a CDI of around 42%, the dry biomass production at the age of 27 months is more than 8 kg per tree, whereas for CDI higher than 66%, the dry biomass production is lower than 3.8 kg per tree. These results show a 200% difference in production when the CDI varies by only 20%. This fact suggests a possible method of selection for the future, based on the observation that distinct families or individuals present a certain tolerance to TLD. They could be the genetic basis of viable energy stands of Eucalyptus globulus in the future. In our case, the codes 105 and 283 are those that generate more biomass in areas with high prevalence of TLD, manifesting a certain tolerance to the disease. Comparing Figures 1-3 , it can be seen that losses increase with increasing CDI, and that wide differences appear between codes. For example, code 241 incurs lower losses than other codes with a similar CDI, and it exhibits comparable losses to other codes with lower CDI levels. For a given CDI, the disease causes greater loss percentages in wood and bark than in the other fractions that comprise the tree. Figure 4 brings together all the biomass (leaves + branches + twigs + bark) representing the weight in kg of dry biomass per tree, depending on the CDI. For a CDI of around 42%, the dry biomass production at the age of 27 months is more than 8 kg per tree, whereas for CDI higher than 66%, the dry biomass production is lower than 3.8 kg per tree. These results show a 200% difference in production when the CDI varies by only 20%. This fact suggests a possible method of selection for the future, based on the observation that distinct families or individuals present a certain tolerance to TLD. They could be the genetic basis of viable energy stands of Eucalyptus globulus in the future. In our case, the codes 105 and 283 are those that generate more biomass in areas with high prevalence of TLD, manifesting a certain tolerance to the disease. Comparing Figures 1-3 , it can be seen that losses increase with increasing CDI, and that wide differences appear between codes. For example, code 241 incurs lower losses than other codes with a similar CDI, and it exhibits comparable losses to other codes with lower CDI levels. For a given CDI, the disease causes greater loss percentages in wood and bark than in the other fractions that comprise the tree. Figure 4 brings together all the biomass (leaves + branches + twigs + bark) representing the weight in kg of dry biomass per tree, depending on the CDI. For a CDI of around 42%, the dry biomass production at the age of 27 months is more than 8 kg per tree, whereas for CDI higher than 66%, the dry biomass production is lower than 3.8 kg per tree. These results show a 200% difference in production when the CDI varies by only 20%. This fact suggests a possible method of selection for the future, based on the observation that distinct families or individuals present a certain tolerance to TLD. They could be the genetic basis of viable energy stands of Eucalyptus globulus in the future. In our case, the codes 105 and 283 are those that generate more biomass in areas with high prevalence of TLD, manifesting a certain tolerance to the disease. Considering the data in [23] and the biomass losses, the amount of energy lost (MJ ha −1 ) in a juvenile stage Eucalyptus globulus stand, based on the CDI, has been estimated (see Figure 5) . A planting density of 1600 stems ha −1 and a rate (number of trees that mortalyted 12 months of age) of 10%, were taken into account. This death rate can be considered as an extensively managed plantation representative of an E. globulus stand that has not been damaged by external agents. The results shown in Figure 5 relate biomass losses with energy losses. In our case, it is observed that between CDI maximum and CDI minimum the losses range between 83,000 and 184,000 MJ ha −1 respectively. Considering the data in [23] and the biomass losses, the amount of energy lost (MJ ha −1 ) in a juvenile stage Eucalyptus globulus stand, based on the CDI, has been estimated (see Figure 5) . A planting density of 1600 stems ha −1 and a rate (number of trees that mortalyted 12 months of age) of 10%, were taken into account. This death rate can be considered as an extensively managed plantation representative of an E. globulus stand that has not been damaged by external agents. The results shown in Figure 5 relate biomass losses with energy losses. In our case, it is observed that between CDImaximum and CDIminimum the losses range between 83,000 and 184,000 MJ ha −1 respectively. Figure 6 compares the E. globulus dry biomass yields, in Megagrams ha −1 , from our study, with yields from other genera used as SRF (poplar and willow clones) in northern Europe.
According to [8, 50] , poplar and willow clone production, in experimental stands with densities of 16,600 stems ha −1 , varies between 10 and 40 Mg ha −1 and 15 and 38 Mg ha −1 , respectively, at five years of age and depending on fertilization treatments and soil characteristics. This implies an annual average yield of 6 and 4 Mg ha −1 for poplar and willow, respectively. It is worth highlighting that two codes of Eucalyptus globulus, even with much lower planting densities (see Figure 6 ), can achieve annual productions exceeding those of poplar and willow clones. It can be concluded that these two codes, namely 283 and 105, are most suitable for bioenergy stands in areas with high TLD prevalence. Figure 6 compares the E. globulus dry biomass yields, in Megagrams ha −1 , from our study, with yields from other genera used as SRF (poplar and willow clones) in northern Europe.
According to [8, 50] , poplar and willow clone production, in experimental stands with densities of 16,600 stems ha −1 , varies between 10 and 40 Mg ha −1 and 15 and 38 Mg ha −1 , respectively, at five years of age and depending on fertilization treatments and soil characteristics. This implies an annual average yield of 6 and 4 Mg ha −1 for poplar and willow, respectively. It is worth highlighting that two codes of Eucalyptus globulus, even with much lower planting densities (see Figure 6 ), can achieve annual productions exceeding those of poplar and willow clones. It can be concluded that these two codes, namely 283 and 105, are most suitable for bioenergy stands in areas with high TLD prevalence. Considering the data in [23] and the biomass losses, the amount of energy lost (MJ ha −1 ) in a juvenile stage Eucalyptus globulus stand, based on the CDI, has been estimated (see Figure 5) . A planting density of 1600 stems ha −1 and a rate (number of trees that mortalyted 12 months of age) of 10%, were taken into account. This death rate can be considered as an extensively managed plantation representative of an E. globulus stand that has not been damaged by external agents. The results shown in Figure 5 relate biomass losses with energy losses. In our case, it is observed that between CDImaximum and CDIminimum the losses range between 83,000 and 184,000 MJ ha −1 respectively. Figure 6 compares the E. globulus dry biomass yields, in Megagrams ha −1 , from our study, with yields from other genera used as SRF (poplar and willow clones) in northern Europe.
According to [8, 50] , poplar and willow clone production, in experimental stands with densities of 16,600 stems ha −1 , varies between 10 and 40 Mg ha −1 and 15 and 38 Mg ha −1 , respectively, at five years of age and depending on fertilization treatments and soil characteristics. This implies an annual average yield of 6 and 4 Mg ha −1 for poplar and willow, respectively. It is worth highlighting that two codes of Eucalyptus globulus, even with much lower planting densities (see Figure 6 ), can achieve annual productions exceeding those of poplar and willow clones. It can be concluded that these two codes, namely 283 and 105, are most suitable for bioenergy stands in areas with high TLD prevalence. It should be noted that average productions of poplar and willow clones are calculated for five year rotations and planting densities 10 times higher than those in this study. Moreover, in this study, the analysis was performed on trees at the age of 27 months. This fact has relevance since the damage caused by TLD in Eucalyptus globulus occurs mainly from the second year on, specifically between 22 and 30 months of age [50] . Thus, if the rotation period is less than two years, the damage caused by TLD would be lower, and productivity per hectare would increase. This option would entail much higher planting densities, difficulty with regrowth, soil depletion due to overexploitation; in a word, significantly greater environmental impact. In practice, this strategy, from a purely business standpoint, would involve costs not feasible today. However, it would be interesting to test different rotation periods and planting densities in order to optimize production of this tree species in areas with TLD prevalence.
In the stands of poplar and willow clones, planting densities are around 16,600 stems ha −1 , [8] which represents a significant increase in the planting and fertilization costs compared to those of Eucalyptus globulus. From an economic standpoint, this fact favours Eucalyptus globulus, since, with planting densities several times lower than poplar and willow, this species can attain similar biomass productivities, even when TLD is present. Despite the impact of the TLD on the plantations of Eucalyptus globulus, this previously selected species can be used as SRF in temperate places where the fungus is a limiting factor during the spring and summer months. Knowledge about the control of the disease [51] together with the selection of individuals will allow the establishment of viable E. globulus plantations.
Conclusions
The attack on Eucalyptus globulus short rotation stands by the foliar disease TLD significantly reduces its productivity, since it is precisely the juvenile stage that is affected. There are taxa (identified by codes in this study) of E. globulus in which the disease severity is significantly lower than the average, suggesting that these families are endowed with a certain tolerance to the disease, as compared to their counterparts.
The loss of dry biomass varies according to the CDI. For trees at 27 months of age, with a CDI of around 60%, the loss ranges between 8 and 10 Mg ha −1 . This total loss corresponds to the sum of the partial losses that make up the biomass. The greatest losses are seen in the fraction representing wood and bark, which, at 60% CDI, experiences a reduction of approximately 70% in weight.
The weighted average NCV of juvenile E. globulus, (dry biomass), is 16,774 kJ kg −1 . In this study, when combined with the loss of biomass per ha, the energy loss per area unit range between 83,000 and 184,000 MJ ha −1 . This loss could be translated into economic terms by considering the current high prices for electricity obtained from forest energy crops.
Despite the incidence of TLD in stands of E. globulus, their productivity is similar (when CDI values are low enough), to other species used for energy purposes (clones of poplar and willow), and this happens even when the planting densities of the E. globulus stands are much lower. In general, E. globulus biomass yields can be considered similar to those of poplar and willow when the CDI is lower than 56%. This finding suggests a future research focus which could involve the selection of families tolerant to the disease that would serve as the genetic basis for future stands. In our case, the families represented by codes 283 and 105 are best suited for this purpose.
The presence of the foliar disease TLD in stands of E. globulus influences the forestry and management of such plantations. An effective response to the threat posed involves the selection of individuals and families tolerant to disease. One barrier to overcome is the known difficulty of E. globulus to be cloned by cuttings due to low rooting capacity. This limitation, as well as the tolerance to TLD appears to be strongly linked to the genetics of each individual and/or family.
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